(H) CFU (black circles) and sigA (white bars), rrs (grey bars), and gfp (green bars) transcripts of bacteria expressing rRNA-GFP des during CGA1 and CGA2. Transcripts are normalized to total RNA and expressed as fold change compared to day 0.
Means ± SD (n = 2). See also Supplemental Experimental Procedures.
(I) Correlation between mean single-cell rRNA-GFP des fluorescence (n = 100) and rrn-gfp des transcripts during CGA1 and CGA2 (n = 14).
(J and K) Single-cell rRNA-GFP wt fluorescence during CGA1 (J) and CGA2 (K). Red lines indicate means ± SD (n = 100 per time point). Letters indicate significance groups according to ANOVA followed by Tukey's test: F (4, 519) = 34.7, P < 0.0001 (J); F (4, 503) = 33.4, P < 0.0001 (K).
(L) Cell size variation of bacteria expressing rRNA-GFP des during CGA1 and CGA2.
Means ± SD and CV (n = 200 cells per time point). Representative movie in which exponential-phase bacteria were sparsely inoculated into a microfluidic device and grown under a constant flow of 7H9 medium for 7 days.
Images were recorded at 1-hour intervals (100X objective). Green (rRNA-GFP des )
and red (DsRed2) fluorescence channels are merged. Time elapsed is indicated in hours. Selected snapshots from the movie are shown in Figure S3A . Scale bar, 5 µm.
Movie S2. Time-lapse microscopy of rRNA-GFP des bacteria from stationaryphase cultures, related to Figures 3 and S3
Representative movie in which stationary-phase bacteria from three-month-old cultures were sparsely seeded into a microfluidic device and grown under a constant flow of 7H9 medium for 7 days. Images were recorded at 2-hour intervals (100X objective). Green (rRNA-GFP des ) and red (DsRed2) fluorescence channels are merged. Time elapsed is indicated in hours. Selected snapshots from the movie are shown in Figure S3B . Scale bar, 5 µm.
Movie S3. Time-lapse microscopy of isoniazid (INH)-treated bacteria, related to

Figure 4
Representative movie in which exponential-phase bacteria were sparsely seeded into a microfluidic device and grown under a constant flow of 7H9 medium for 25 days.
INH (3.25 µg/ml; 130-fold MIC) was added to the flow medium in 2-hour pulses each day from day 4 to day 10 (7 days total). Images were recorded at 1-hour intervals (100X objective). Green (rRNA-GFP des ) and red (DsRed2) fluorescence channels are Representative movie in which bacteria in lung homogenates of IFN-γ -/-mice at 2 weeks post-infection were inoculated into a microfluidic device and grown under constant flow of 7H9 medium for 7 days. Images were recorded at 3-hour intervals (100X objective). Green (rRNA-GFP des ) and red (DsRed2) fluorescence channels are merged. Time is indicated in hours. Selected snapshots from the movie are shown in Figure 6E . Scale bar, 5 µm. (gfp wt ) and pGM210 (gfp des ). M. tuberculosis was transformed by electroporation with pGM200 or pGM210 and transformants were selected on 7H10 solid medium containing 50 µg/ml hygromycin and 15 µg/ml kanamycin. Single crossover events were confirmed by PCR analysis of genomic DNA extracted from single colonies.
SUPPLEMENTAL TABLE
Confirmed transformants were grown in 7H9 medium in the absence of antibiotics and serial dilutions were plated on 7H10 solid medium containing 2.5% sucrose to select for double crossover events. Insertion of gfp wt or gfp des into the rRNA operon was verified by PCR and Southern blotting. The strains were designated GM-T-1 (gfp wt ) and GM-T-15 (gfp des ). As an internal control, the gene encoding DsRed2 was cloned downstream of a strong promoter (Wakamoto et al., 2013) within an attBintegrating plasmid carrying the mycobacteriophage L5 integrase gene and attP sequence. The resulting plasmid was designated pND239. GM-T-1 and GM-T-15
were transformed by electroporation with pND239 and transformants were selected on 7H10 solid medium containing 50 µg/ml hygromycin. The strains were designated GM-T-2 (gfp wt ) and GM-T-17 (gfp des ). The DsRed2 marker was used as an internal control of fluorescence and to enable visualization of bacteria within lung tissues.
Cloning manipulations and DNA sequencing (Microsynth AG) were performed using pCR2.1-TOPO plasmid and E. coli electrocompetent TOP10 strain (Invitrogen) grown in LB medium containing 100 µg/ml ampicillin. pJG1100
transformants of E. coli were grown in LB medium containing 50 µg/ml hygromycin and 25 µg/ml kanamycin.
Coupled Growth Assays
Exponential-phase cultures were diluted to OD 600 0.1 in 150 ml of pre-warmed 7H9 liquid medium and cultured at 37°C for 56 days (CGA1). At 21 days an aliquot of the CGA1 culture was diluted to OD 600 0.1 in 150 ml pre-warmed 7H9 liquid medium and cultured at 37°C for 56 days (CGA2). At each time point, OD 600 was measured, dilutions were plated for CFU, and aliquots were withdrawn for qRT-PCR and flow cytometry.
Quantitative Real-Time PCR (qRT-PCR)
At each time-point of CGA1 and CGA2, culture aliquots corresponding to OD 600 5.0
were withdrawn for RNA extraction. Cells were collected by centrifugation at 2,850 g for 10 min at 4°C and the cell pellet was resuspended in 500 µl TRIzol (Ambion) containing 0.1% polyacryl carrier (MRC). Cell suspension was transferred to a vial containing the same volume of 0.5 mm zirconia beads (BioSpec), lysed by bead beating, and centrifuged at 9,300 g for 2 min to recover the supernatant. RNA was precipitated with isopropanol, washed in 75% ethanol, and resuspended in 50 µl of DEPC-treated water. RNA samples were treated with Turbo DNase (Ambion) and stored at -80°C until use. About 200 ng of DNase-treated RNA was used to generate cDNA using the SuperScript ® II First-Strand Synthesis System with random hexamers (Invitrogen), which was stored at -20°C. Primers specific for sigA, rrs (16S rRNA), and gfp are listed in Table S1 . qRT-PCR reactions were prepared with SYBR ® Green PCR Master Mix (Applied Biosystems), 0.3 µM primers, and 4.4 µl cDNA. Reactions were run as absolute quantification on ABI PRISM ® 7900HT
Sequence Detection System (Applied Biosystems). Amplicon specificity was confirmed by melting-curve analysis. Copy numbers were calculated using standard curves generated for each primer pair with serial dilutions of M. tuberculosis genomic DNA as the template.
Flow Cytometry
At each time point of CGA1 and CGA2, a cell aliquot was directly analyzed on an Radiolabeled cells were collected at 2,850 g for 10 minutes at 4°C, washed once, and resuspended in an equal volume of conditioned 7H9 medium (derived from a 50-day-old culture grown in parallel) supplemented with 100 µM of cold L-methionine and L-cysteine. Processing of samples was performed as described above.
Protein half-life, expressed in reciprocal hours, was calculated by subtracting the dilution rate (measured by OD 600 ) of exponential-phase cells from the decay rate of intensity of the radiolabeled GFP band. For stationary-phase cells, the dilution rate was assumed to be negligible.
Snapshot Microscopy
At each time point of CGA1 and CGA2, bacteria were analyzed by snapshot imaging using an Olympus IX81 microscope with a 100X oil-immersion objective. 
Time-lapse Microscopy of Infected Macrophages
A microplate containing infected macrophages was fixed to the stage of the DeltaVision imaging system and imaged using a 60X oil-immersion objective. The MCQ Gas Blender GB103 (MCQ Instruments) connected to a humidifying column was used to supply air containing 5% CO 2 . DMEM ± 0.75 µg/ml INH was replaced every 24 hours. Sequential imaging was performed by Z-stack acquisition (3 x 1.5 µm) every 2 hours on multiple (60-100) XY fields. Optical Z-sections were deconvolved to generate flattened images.
PDIM Analysis
Phthiocerol dimycocerosates synthesis was evaluated by thin-layer chromatography (TLC) of bacterial lipids (Kirksey et al., 2011) . Aliquots (10 ml) of exponential-phase bacteria were labeled with 10 µCi of [ 14 C]-propionate (Campro Scientific) for 48
hours. Radiolabeled cells were pelleted by centrifugation and lipids extracted using 5 ml of methanol : 0.3% NaCl (10:1) and 5 ml of petroleum ether. The mixture was vortexed extensively, centrifuged at 930 g for 10 minutes, and the upper layer was withdrawn. A second extraction on the lower phase was carried out with 5 ml of petroleum ether. The combined extracts were further inactivated with 10 ml of chloroform for 1 hour and concentrated to about 1/4th of the original volume through evaporation. Aliquots were spotted on a 5 x 10 cm TLC silica gel 60 F 254 (Merck), which was developed in petroleum ether : diethyl ether (9:1) and air-dried. The developed TLC plate was exposed to an Amersham ® Hyperfilm ® ECL (GE Healthcare) for chemioluminescence analysis and visualized with a Typhoon Scanner (GE Lifesciences).
Animal Care and Infection
Female C57BL/6 (WT) and B6.129S7-Ifngtm1Ts (IFN-γ -/-) mice 6-8 weeks old (Jackson Laboratory or Charles River Laboratories) were housed in a specific pathogen-free facility. Animal protocols were reviewed and approved by EPFL's Chief Veterinarian, by the Service de la Consommation et des Affaires Vétérinaires of the Canton of Vaud, and by the Swiss Office Vétérinaire Fédéral. Mice were infected by the aerosol route using a custom-built aerosol machine, as described (MacMicking et al., 2003) . Bacteria were grown to exponential phase (OD 600 0.5) in 7H9 liquid medium, collected by centrifugation at 2,850 g for 10 minutes, and resuspended in PBS supplemented with 0.05% Tween 80 (PBS-T). The bacterial suspension was subjected to low-speed centrifugation (700 g) for 5 min to remove cell aggregates.
The cell suspension was adjusted to OD 600 0.1 with PBS-T in a final volume of 20 ml, which was used to infect mice by aerosol, resulting in a bacterial load of about 300 CFU per mouse on day 1. Groups of 4 mice were euthanized at specified time points post-infection by CO 2 overdose. Lungs and spleens were removed aseptically. The lungs from the 4 mice at each time point were collected and homogenized together in 4 ml of 7H9 medium. Serial dilutions of the organ homogenates were plated on 7H10 solid medium containing 100 µg/ml cycloheximide and colonies were counted after 3-4 weeks of incubation at 37°C. Lung homogenates were also processed and used for snapshot and time-lapse microscopy. One group of 4 mice was treated with INH (25 mg per kg body weight per day) delivered continuously in the drinking water for 14 days (from week 20 to week 22). INH-treated mice were euthanized and processed as described above.
Snapshot and Time-lapse Microscopy of Lung Homogenates
At each time point, the lungs from 4 mice were homogenized in 4 ml of 7H9 and immediately used for snapshot imaging (within 30 minutes from the time of harvesting) on an Olympus IX81 microscope with a 100X oil objective at 37°C.
Exposure time was 100 msec for phase-contrast and fluorescence images. For timelapse imaging with the DeltaVision system, the homogenate was washed once with two volumes of pre-warmed 7H9 liquid medium, resuspended in 1 ml of 7H9, and 5 µl were inoculated into the microfluidic device and processed as described above.
Typically, the entire process from harvesting the lungs to starting the time-lapse imaging took about 1 hour. Images were recorded at 3-hour intervals from > 100 XY fields per experiment.
Calculation of Cellular Parameters and Rates
Cellular parameters were assessed using the ImageJ 1.47q software. Planar area (A) was calculated by drawing a polygon corresponding to the cell perimeter and was expressed as µm 2 . Single-cell fluorescence was calculated as total fluorescence within a polygon normalized to the corresponding cell area. Single-cell growth rate was calculated by fitting an exponential curve to individual cell size measurements over the lifetime of the cell from birth to division (Santi et al., 2013) . Division and lysis rates were analyzed from the number of cells constituting a microcolony at the time of INH addition C(t) and scoring the division (E div ) and lysis (E lys 
Pedigree Trees
Pedigree trees shown in Figure 3 were generated by modifying the contMap function (Revell, 2013) and implementing it in the open-source R phylogenetics package, 'Phytools' (Revell, 2012) .
